Renewable and Sustainable Energy Reviews 33 (2014) 752-771 


Contents lists available at ScienceDirect 


Renewable and Sustainable Energy Reviews 


journal homepage: www.elsevier.com/locate/rser 


Grid parity and self-consumption with photovoltaic systems under Q) a 
the present regulatory framework in Spain: The case of the 
University of Jaén Campus 


D.L. Talavera *, J. de la Casa, E. Muñoz-Cerón, G. Almonacid 


IDEA Research Group (Investigación y Desarrollo de Energía Solar), University of Jaén Campus las Lagunillas s/n, 23071 Jaén, Spain 


ARTICLE INFO 


Article history: 
Received 2 January 2013 
Received in revised form 


ABSTRACT 


The cut-off of any subsidy or feed-in tariff that incentives the installation of new renewable energy systems 
which are close to the grid parity, is a reality in most of the European countries, but in the recent years the grid 
parity has worsened because of the global economic crisis. In the case of Spain, in addition to the economic 
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problems, the photovoltaic sector has been dramatically damaged through a changeable regulatory framework, 
an excessive bureaucracy and the inclusion of additional fees or possible back-up tolls that are very prejudicial 
for the deployment of this sector. Nowadays, the current Spanish legislation mentions the possibility of self- 


Keywords: consumption (totally or partially) of the electricity generated by PV or any renewable energy systems but, up to 
n ity the date of this work, the law that regulates the administrative, technical and economic conditions for the net- 


R metering of the electrical energy produced within the consumer's network, is still under a draft stage. In this 

Self-consumption SN A ; ; : f ; 
Net-metering paper it is analyzed the case of the University of Jaen, where it has been identified and simulated several PV 
PV profitability systems on the roofs and parking lots of the University Campus, and considering the current electrical tariffs 
Economic analysis (hourly defined for the case of high power and high voltage consumers), it has been done a cost and economic 
analysis. As a result, it has been obtained an average Levelised Cost of Energy around 0.125 € kWh- !, a discount 
payback time of 17.5 years or less, a positive Net Present Value and a nominal Internal Rate of Return of 8.48% in 
the worst case. Beyond that, it has been carried out a sensitivity analysis of the factors that have more influence 
in the profitability of these systems, like the initial investment cost, the PV electricity yield, additional taxes and 

the variations in the electricity price market. 

© 2014 Elsevier Ltd. All rights reserved. 
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1. Introduction 


Several countries have reached the photovoltaic (PV) grid 
parity as the LCOE of the technology in those places can be 
compared with their local retail electricity prices in a competitive 
way. In most of the cases, this parity has been reached without any 
current subsidy or feed-in tariff incentive, but it has also been 
necessary a favorable regulatory framework, through net-metering 
or self-consumption laws [1]. 

In the case of Spain, although the grid parity is a reality [2], 
partially thanks to past renewable electricity policies [3], the 
excessive bureaucracy and the changing and confusing regulatory 
framework is a pending task in order to avoid barriers for the 
success of the photovoltaic technology [4]. 

In December 2011, it was published in Spain the Royal Decree 
1699/2011 [5], which regulates the network connection of small 
power electricity production systems of less than 100 kW. It also 
mentions the possibility of total or partial self-consumption of the 
electricity generated by these systems. Later on, the Royal Decree- 
Law 1/2012, published in January 2012, put off the pre-assignment 
procedure for the remuneration of renewable systems and it 
removed the feed-in tariff incentives for the new electricity 
installations which either use combined heat and power, renew- 
able energy sources or waste [6]. Nowadays, several drafts has 
been published, which aim is the regulation of the administrative, 
technical and economic conditions for the self-generation of the 
electrical energy produced within the consumer's network [7,8], 
but according to some authors, the last draft, published in July 
2013, contains elements which considerably worsen the economic 
viability of the PV systems used for self-generation, as the user will 
have to pay for the energy self-consumed [9]. 

According to the constantly changing renewable energy laws 
and the inclusion of the self-consumption concept, prospective 
owners, big investors or regular householders, are concerned that 
any further modification of the regulatory framework of the 
photovoltaic grid-connected systems (PVGCS) may affect the 
profitability of their investment, because it is outstanding that 
since 2007 it has been published an average of two different Royal 
Decree each year derogating past laws and affecting the PV 
technology in economic terms. Some of these laws even have a 
retroactive application. Either way, the boom and the bust of the 
Spanish PV market has to be used as an example and proposal of 
policy recommendations for solar PV deployment [10,11]. 


Table 1 
Power fee and energy price applied to the University electricity bill (excluding 
taxes). 


Energy term Power term 


Price periods Energy price Annual power Power contracted Annual power 


(€kWh-') fee(€kW-!) (kW) cost (€) 
P1 013818254 — 38.102134 106,685.98 
P2 0.11282829 19.067559 53,389.17 
P3 0.088254 13.954286 39,072 
P4 0.080577 13.954286 2800 39,072 
P5 0.077474 13.954286 39,072 
P6 0.059444 6.366846 17,827.17 


In this paper an economic and cost analysis of several PVGCS on 
buildings has been carried out similar to other studies made in 
Germany or Italy [12], but in this case we have adapted it to the last 
Spanish legislation because the examples found in Spain [13] are 
referred to a really different legislative scenario, even though the 
paper consulted was written in the last semester of 2012, and it also 
differs in the technical solution because in their study they analyzed 
household facilities and we have particularized this study to a public 
institution, the University of Jaén in Southern Spain, where the 
disposal of free space and high levels of radiations make this location 
an ideal place for the installation of PV systems. 

Firstly, it has been estimated the PV potential of some buildings 
and parking lots of the campus as a previous step to undertake the 
cost and economic analysis, where it has been assumed that all the 
PV electricity generated is for the University instant self- 
consumption and the electricity unitary price, in € kWh !, is the 
same as the unitary electricity price paid by the University to the 
Electrical Company. 

In the estimation of the self-consumed electricity unitary price, 
we have considered the particularities of the University as a high 
power consumer. Most of the households consumers, which have a 
low-medium power contracted, are gathered in the Last Resort 
Tariff (TUR in the Spanish acronym), which regulates the price that 
the consumer must pay to the electricity company. In this tariff, 
both the power fee and the energy price are set by the Govern- 
ment [14]. This is not the case of the University of Jaen, a high 
power and a high voltage consumer, where the power fee is fixed 
by the Ministry of Industry, Energy and Tourism but the energy 
price is contracted freely between the University and the supplier. 
Table 1 shows the power fee and the energy price paid by the 
University since August 3rd 2013, when it was introduced the 
Ministerial Order IET/1491/2013 [15]. 

According to the energy bill payment, with the present Spanish 
regulatory framework, there are defined several consumption 
profiles and tariffs [16]. In our case, tariff 6.1, there are six different 
price periods (P1-P6), according to the definition of electrical 
seasons and type of days, each one with a certain number of hours 
attached. Table 2 gathers the hourly price profile from Monday to 
Friday, excluding public holidays, for each month of the year. 

If the same study is done in a household facility, the use of just a 
single electrical tariff would have simplify the analysis, but the novelty 
in the methodology used in this paper where we want to carry out an 
accurate and complete profitability analysis, makes us to correlate the 
consumption and energy generation profiles with the hourly price 
periods defined in our energy bill for each month of the year. 

The methods for the economic analysis used in this paper are 
the net present value (NPV), the discounted payback time (DPBT) 
and the internal rate of return (IRR), but the equations used have 
been modified so we can adapt the analysis under different hourly 
electricity prices. The PV electricity cost production has been 
estimated through the concept Levelised Cost of Electricity (LCOE) 
in order to compare the photovoltaic technology with other 
sources of electricity [17]. 

The main aim of the paper is to assess the feasibility of these 
systems, proving that the grid parity paradigm is possible and 
profitable, and also to contribute to other future works in other 
countries or, for example, in the smart grid research, which it is 
also a trending topic in the European Union Policy [18,19]. In order 
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Hourly profile of the price periods from Monday to Friday, excluding public holidays [16]. 


Month Hours of the day 


January 
February 
March 
April 

May 

June 

1-15 
15-30 
July 
August 
September 
October 
November 
December 


1,000,000 


15 


23 


Electricity consumption (KWh) 


Fig. 1. Average electricity consumption. 


to facilitate the extrapolation of this work to other similar self- 
consumption scenarios, we have carried out a sensitivity analysis 
of the factors that have more influence in the profitability of these 
systems. 


2. Consumption, PV generation and cost analysis 


It is necessary to study the present electrical consumption profiles 
of the University to compare them with the generation of solar 
energy that might take place in the potential PV areas that will be 
analyzed in this paper. This comparison will allow us, after the 
proper cost analysis, to deliberate about the feasibility of installing 
these types of systems within the present Spanish regulatory 
framework. 


2.1. Electricity consumption 


It is relatively simple to measure the overall electricity consump- 
tion of the Campus, but we want to make a deep cost analysis, so it is 
more suitable to adapt these consumption profiles to the retail price 
of the electricity paid by the University shown in Table 1. 


The electricity consumption for each month, which is an 
average for the last 3 years (Fig. 1), together with its hourly 
division, is not enough for the purposes of this study. It is more 
interesting to analyze this hourly profile depending on the 
following classification: (1) Working days (from Monday to Friday) 
and (2) public holidays, Saturdays or Sundays. This last group 
always has a price period P6. The University is an educational 
institution, so into the classification of working days, we have to 
extract those corresponding to non-school days. Normally, the 
difference between school and the rest of working days are due to 
holidays at Christmas, Easter and the month of August, when most 
of the facilities of the University are closed. In our energy analysis 
we have divided these two terms to distinguish all the possibilities 
that we may have in the consumption profiles. The daily electricity 
consumed at the University under this classification can be 
observed from Figs. 2 to 4. 


2.2. Energy generation with photovoltaic technology 
In previous research papers it was studied the PV potential of 


the University of Jaen campus and the large integration of these 
systems in the University facilities [20-22]. 
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Fig. 2. Hourly electricity consumption of an average Saturday, Sunday and public holiday day. 
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Fig. 3. Hourly electricity consumption of an average school working day. 


The present Spanish regulatory framework, RD 1699/2011, and 
the draft of the future net metering law, whose technical aspects 
are expected to remain the same in the definite document, 
establishes a limitation in the PV power to be installed of 
100 kW maximum, so in order to adapt the locations identified 
in this study to the power requirement, we have divided the PV 
systems into this power limit mentioned. 

Fig. 5 shows the identification of the main areas, where it was 
added a new location (Area 4) when compared to the previous 
studies mentioned, because the N-W parking lot was recently 
built. The PV power division of these areas are summarized in 
Table 3, where it is included the geographical characteristics and 
energy yield of each possible system. The azimuth and tilt detailed 
in each system corresponds either to the optimum case for each 
location or with the purpose of making a good building integrated 
photovoltaic system using the present building structures. The PV 
systems located on the rooftops can be handled in order to obtain 
azimuth 0° and the best tilt angle for the Jaén latitude, but in the 


case of the parking lots, they cannot be randomly oriented or tilted 
because the aim in these cases is to maximize the existing 
structure. 


2.21. Theoretical model for the estimation of the energy generated 

The methodology used for the estimation of the energy that 
could produce each PV system identified previously needs 12 
values of radiation, that correspond to the monthly average values 
of horizontal daily global radiation (Hg,,(0)). Additionally, it has 
been used 12 monthly average values corresponding to the 
maximum daily temperature (Tamam) and the minimum daily 
values too (Tamam). 

From this reduced set of data, there are procedures for the 
estimation of the temporary evolution of the incident irradiance 
on the generators' surface and so does the temperature, with fixed 
time intervals from a "representative day" for each month of the 
year [23,24]. 
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Fig. 4. Hourly electricity consumption of an average non-school working day. 


Fig. 5. Identification of potential PV areas. 


Source: Adapted from Google Maps". 


Subsequently, it has been considered that every day from the 
same month has an identical temporary evolution, related to those 
environmental parameters, than its "representative day". The 
estimations for the operational behavior of the PVGCS using this 
methodology are reliable and the differences are below 3% if it is 
compared with other methods more resolute [25]. 

The typical or representative day is an hypothetic day located 
in the middle of the month under consideration, in which it is 
assumed that horizontal global radiation value (Hg,(0)) matches 
the monthly average value of horizontal daily global (Ham(0)) for 
that month. The maximum and minimum temperatures of this 
representative day (Tamar and Tamar) Match the maximum and 
minimum monthly average value of daily temperature. 

The monthly average radiation and temperature data used in 
this paper have been obtained thanks to the free service offered by 
the NASA research center in Langley, where these parameters have 
been measured over the last 10 years [26]. We could have used 
other data sources, but for the purposes of this paper the results 
do not vary significantly. 

From these values identified, the calculation process of the 
useful irradiance falling on the module's surface and the instant 


ambient temperature, it is done by means of the theoretical 
procedure described below: 


* Calculation of the horizontal beam and diffuse monthly irradia- 
tion using the expressions proposed by Liu and Jordan [27] and 
the correlations obtained by Page [28]. 

* Calculation of the irradiance from daily irradiation, according to 
the method proposed by Whillier [29]. 

* Calculation of the effective irradiance within the PV generator 
surface following the model proposed by Pérez for the diffuse 
component on an arbitrary oriented surface |30] and the model 
of Martín-Ruíz [31] that calculates the energy losses due to the 
incidence angle and considering, in our case, that the level of 
dirt on the generator is low-medium. 

* Finally, calculation of the ambient temperature assuming that it 
changes following two semi-cycles of two cosine functions [32]. 


Once the operating conditions of the photovoltaic systems are 
determined, the maximum power generated by each one is 
calculated using the Osterwald method [33], which allows the 
determination of the PV power under certain incident irradiance 
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Table 3 
PV potential areas. 


Potential areas Location PV power (kWp) 
Area I Building 1 101 
S Parking lot 1 110 
S Parking lot 2 110 
S Parking lot 3 110 
Area II Building 2 91 
N Parking lot 1 100 
N Parking lot 2 100 
N Parking lot 3 100 
N Parking lot 4 98 
Area III Pergola 110 
Building 3 74 
Area IV N-W Parking lot 105 
Total 1,209 


Table 4 
Losses considered in the energy estimation method. 


(%) 
DC losses 
DC wiring losses 15 
Mismatch losses 15 
Nominal power reduction 1 
Inverter losses 
Maximum power point tracking losses 1 
DC/AC conversion efficiency 96 
Other losses 
AC wiring losses 1 
Maintenance and breakdown stops 3 
Shadowing 4 


and cell temperature. This method has been proved by Fuentes to 
be simple but with small error in the prediction of the maximum 
power [34]. Thus, the maximum power is calculated using the 
following equation, where there is a minimum irradiance thresh- 
old of 100 W m~? for its reliable use: 


G(a, PXW m~?) 


Pm = Pmsrc (W)+ 1000 (W m-2) 


[1--yC C^ «Tc 00) -25 CO) 
a) 


In the equation described above, it has been calculated the cell 
temperature with the following expression, where it has been 
used the NOCT parameter, which it is specified in the manufac- 
turer's datasheet: 


NOCT (°C) - 20 (20 °C) 
800 (W m-2) 


The real AC power generated by these systems is influenced not 
only by meteorological parameters, but it also has to be considered 
different sources of losses that are inherent to these sorts of 
systems. In Table 4 it is summarized the losses considered for our 
energy analysis, according to the characteristics of the PV potential 
system locations and the wide experience with real PV measure- 
ments that the IDEA Solar Research group has obtained all along 
its research developed and published [35,36]. 


Tc CO =T4 CC) - G(a, PW m?) (2) 


2.2.2. Generation-consumption results and comparison 

The energy yield for each system (see Table 3) has been 
estimated with the method described previously, but for the 
purposes of our study it is necessary to adapt this energy 
generated to the hourly consumption profiles, so it will allow us 
to identify the energy excesses and deficits of our PV systems 
alongside a certain period of time. 


Azimuth (^) Inclination (^) Annual yield (kWh kWp- !) 
0 30 1,418 

40 8 1,239 
0 30 1,418 

42 8 1,237 

25 12 1,291 
0 30 1,418 

39 8 1,240 


1,282 


The hourly solar electricity generation profile on the typical day 
for each month is shown in Fig. 6, where it has been considered all 
the potential PV locations at the University. 

In this paper, it has been defined the term Net Electricity 
Generation (NET), which stands for the difference between the PV 
energy generations minus the consumptions profiles described in 
Section 2.1. If the hourly electricity consumption data from Fig. 3 is 
compared against the energy generation profile, it is shown the 
NET data for an average school working day (see Fig. 7). In this 
situation, there will be a negative energy balance in every hour of 
the day, which means that it is necessary to consume electricity 
from the main electricity grid in order to meet the electricity 
needs of the University. A similar result is obtained for a non- 
school working day (see Fig. 8), but in this case this deficit is less 
significant as the previous one. Therefore, it can be deduced that 
all the energy produced within any working day (either school or 
non-school day) is completely used for self-consumption at the 
facilities of the University. 

On the other hand, if Saturdays, Sundays and public holidays 
are analyzed (see Fig. 9), it is outstanding that the excess in the 
energy generated is around 32,785 kWh year-!. This data is 
calculated through the daily integration of the area covered under 
the positive NET data curves. This integration extended for every 
day of each month during a year give us this energy excess, which 
means that the University would be injecting electricity into the 
grid. For our study, we have assumed that this energy excess will 
be injected into the public electricity net at no cost, because we 
have declined any sort of remuneration or compensation to the 
producer (the University). According to current renewable energy 
laws, we won't need to pay any access fee for this energy injected. 
For the purposes of our job, we will not take into account this 
energy excess for the economic analysis. 

This unused electricity in our facilities may be easily absorbed 
within a small area surrounding the University Campus as it can be 
observed in Fig. 10. This fact comes to reinforce the feasibility of 
distributed generation concept, thus reducing the losses of the 
power lines. 

If the generation and consumption profiles are analyzed and 
compared throughout a year, we obtain the results summarized in 
Table 5. The amount of electricity, in energy terms, saved in the 
University bill as a consequence of the self-consumed electricity 
goes up to 17.4% annually, varying this term depending on the type 
of day selected. A summary of the energy production in each 
period is shown in Table 6. 

Although the University savings in the electricity consump- 
tion, it does not mean that it necessarily turns into economic 
savings or even that these PV systems are profitable in the 
mid-long term, so an electricity cost production analysis must 
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Fig. 6. Hourly solar electricity generation profile. 
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Fig. 7. Net electricity generation in an average school working day. 


be carried out prior to assess the suitability and viability of these 
sorts of systems. 


2.3. Electricity cost generation 


The main issue in this analysis is related with the cost of a PV 
system, that it should be recovered by the annual energy pro- 
duced, so for this purpose it is necessary to define the cost, in 
current monetary units, of a kWh of electricity produced by a 
certain PV system throughout its whole operational years [37]. 

In this case, it is used the Levelised Cost of Electricity (LCOE) 
term, which value is constant over the whole lifetime of the 
system. The following expression is used for its calculation: 

LCC 
LCOE = Ey 
i=1a+a)' 


(3) 


For the estimation of LCOE it has been considered all the cumulated 
system costs and the energy generated over its lifetime so, according 
to the previous equation, Epy is the annual PV electricity yield (kWh) 
and d is the nominal discount rate. The real discount rate (d,) is 
derived from the latter by Eq. (4), where g is the annual inflation rate. 


d—g 


dil 
r Tig 


(4) 
LCCysp is the life-cycle cost (€) of the system from the user's 
standpoint and it is calculated, in Eq. (5), with the sum 
of the present worth of the initial investment cost of the PV system 
(PW[PVin]) and the present worth of the operation and mainte- 
nance cost (PW[PVoy (N)]) associated with the PV technology [38]. 


LCCysp = PW[PVin] + PW[PVom(N)] (5) 


The initial investment cost, PV;,, considering an absence of any 
subsidy, is supposed to be paid by the owner. This amount either 
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Table 5 
Energy analysis summary. 


Parameter Working 


school days 


Electricity consumption(kWh/year) 6,429,312 
Self-consumed electricity from the 
PV systems proposed (kWh/year) 905,295 
PV electricity injected into the grid (kWh/year) (0) 
Savings in electricity (%) 14.1 
Table 6 
Summary of the energy production in each period. 
Month Periods 
P1 P2 P3 P4 p5 
January 23,272 27190 0 0 0 
February 29,441 37,551 0 0 0 
March 0 0 7,378 84,593 0 
April 0 0 0 0 
May 0 0 0 0 
June (1-15) 0 0 40,213 16,107 0 
June (15-30) 41,618 14,702 0 0 0 
July 95,418 33,653 0 0 0 
August 0 0 0 0 0 
September 0 0 75,828 22,950 0 
October 0 0 0 0 7 
November 0 0 2,429 54,815 0 
December 17,996 20,881 0 0 0 
Annual production in 207,745 133,977 125,848 178,465 


each period (kWh) 
Annual (kWh) 


may be financed partly with a low-interest loan or may be 
financed (the rest of the initial investment cost) by using own 
capital (PVoc). In the first case, a part of this amount is borrowed at 
an annual loan interest i; and loan term N; (years), while the 
remaining part, financed with own capital, has an annual retribu- 
tion in form of dividends (d;) and it is amortized at the end of the 
life-cycle of the system. Considering these terms, where it has 
been defined the factor q— 1/(1--d), the present worth of the 
initial investment cost of the PV system PW[PV;y] can be 
expressed as it follows: 


; (ipM q(-qV) 
PWIPVIN] = | (PV PVoc)i 
[PVIN] ( IN ol Lip 1 1-q 


N 

+ (a Pv + PVoc a`) (6) 
where the value of d=WACC, the weighted average cost of capital 
(WACC). This parameter refers to the cost that the owner of the PV 
system must pay for using the available financial resources to 
finance the initial investment cost. 

Concerning the life-cycle operation and maintenance cost, it has 
been defined an annual operation and maintenance cost, PV4oy, 
and an annual escalation rate (€pvom) of the operation and main- 
tenance cost of the PV system, so PW[PVom (N)] may be written as 


Kpy(1 - Kp" 
PWI[PVoy(N)] = (» Vaom mv — Kee , 


where Kpy = (1+ €pyom)/(1+d) (7) 


2.3.1. Estimation of parameters 

The most sensitive parameter with influence in the variation of 
the LCOE is the initial investment cost per kWp of PV grid- 
connected system. The variability of this parameter is related to 


9,635 


Working Saturdays, Sundays Annual 
non-school days and public holidays 
613,408 1,682,187 8,724,908 
165,295 446,929 1,517519 
0 32,785 32,785 
26.9 26.5 174 
Monthly Monthly Monthly 
production (kWh) self-consumption (kWh) Excess (kWh) 
P6 
27,754 78,216 78,216 0 
26,123 93,115 93,115 0 
39,331 131,301 129,571 1,730 
54,611 142,841 132,875 9,966 
50,093 159,591 153,108 6,483 
27,297 83,618 83,481 137 
27,297 83,618 83,481 137 
59,049 188,121 185,794 2,327 
180,997 180,997 175,017 5,980 
51,708 150,486 147,856 2,630 
33,558 113,192 109,795 3,397 
24,533 81,778 81,778 0 
24,554 63,431 63,431 0 
626,906 
1,550,304 1,517519 32,785 


the country and the scenarios assumed as it can be observed in 
some international reports. In the case of the analysis carried out 
by the EurObserv'ER database barometer, it defined a price of 
2,082 € kWp-! for roof PV systems installed in Germany in the 
last quarter of 2011 [39], meanwhile other sources estimates a 
scenario for 2015 of 2,280-2,770 US$ kWp~', that it may be 
translated into a range of 1,700-2,350 € kWp~! depending on 
the US$-€ differences [40]. 

In order to identify the evolution of the installed PV system 
price in Spain, we have compiled economic data from 2006 to 
2010, where the price of installed PV systems ranged from 2.4-2.7 
€ Wp- ! [41-45]. There is no data available for Spain in the last IEA 
report, referred to 2011 [46], so according to the slowdown of the 
Spanish PV industry, the economic crisis in the country and some 
PV Spanish economic reports and news [47], we have assumed 
that in the last quarter of 2012, the prices experienced a decrease 
of 32% when compared to 2010, so the initial investment per kWp 
in Spain ranges from 1.7 to 1.9 € Wp !, including VAT. In Fig. 11 it 
is represented this evolution for Spain, where the prices for the 
years 2011 and 2012 fit our estimations. 

In this paper, the amount of money to be paid by the owner, 
PViy, is considered to be mixed financed. On the one hand, 80% of 
this amount is assumed to be borrowed at an annual loan interest 
ij 626 and a loan term N;— 15 years, while the remaining part (20% 
of PV) is defrayed with own capital PVoc, so that the annual 
retribution is given in form of dividends dj=5% and amortized at 
the end of the life-cycle of the system [48]. 

The annual inflation rate g=2.8% has been defined according to 
some historical average data (from 2001 to 2010) for Spain [49,50], 
and the annual escalation rate of the operation and maintenance 
cost of a PV system is assumed to be equal to the value of the 
annual inflation rate, so €pyoy=2.8%. The discount rate (d) is 
assumed equal to the weighted average cost of capital (WACC) in 
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Fig. 11. Price evolution in Spain for installed PV systems. 
Table 7 
Parameters considered in the PV systems for the cost analysis. 
Location Factors 
[PVinlewp (€kWp-') — PVom (€/years) ^ epvom (%) Financial g(5)  dg(%) 
Low-interest loan (80% of PViy) Own Capital (20% of PV) 
ij (45) N; (years) di (25) 
Building 1 1900 
S. Parking lot 1 1,700 
S. Parking lot 2 1,700 
S. Parking lot 3 1,700 
Building 2 1,900 
N. Parking lot 1 1,700 " 
N.Parkinglot2 1,700 1% [PV] 28 6 15 5 28 0.8 
N. Parking lot 3 1,700 
N. Parking lot 4 1,700 
Pergola 1,800 
Building 3 1,900 
N-W Parking lot 1,700 
order to calculate the LCOE. The WACC refers to the cost that the Table 8 


owner of the PVGCS must pay for using the available financial 
resources to finance the initial investment cost. This WACC will 
vary depending on how the financial resources are chosen to 
finance the initial investment cost, and in our case the WACC is 
equal to 5.6%. 

The annual operation and maintenance cost will represent a 1% 
of the initial investment cost [51], and it has been considered an 
annual degradation rate (dg) of the power of the PVGCS equal to 
0.8%, which lies within the range defined by some photovoltaic 
experts [52]. All these parameters, referred to the locations 
identified for our study, are summarized in Table 7. 


2.3.2. Cost analysis results 

The results obtained will be determinant for the profitability 
analysis that we will develop in further sections, and according to 
the data obtained (see Table 8), the LCOE of all systems swings 
around 0.125 € kWh |, so the predictions and reports for the grid 
parity in the Spanish net are confirmed [1]. 

Obviously, the LCOE is very sensitive to variations of some 
parameters used in its calculation so it is interesting to foresee 
several scenarios. First of all, we have supposed a fixed price per 


LCOE for each PV system proposed. 


Location 


Building 1 


S Parking lot 1 
S Parking lot 2 
S Parking lot 3 


Building 2 


N Parking lot 1 
N Parking lot 2 
N Parking lot 3 
N Parking lot 4 


Pergola 
Building 3 
N-W Parking lot 


LCOE (€ kWh-!) 


0.12333 


0.12629 


0.12333 


0.12650 


0.12834 
0.12333 
0.12619 


Wp installed, according to the literature found, but this variable 
may have important fluctuations. With the purpose to facilitate 
the extrapolation of these analysis data to other countries with 
similar radiation levels but higher or lower system prices, in Fig. 12 
it is represented a sensitive analysis of the LCOE regarding the 


762 


initial investment cost variations, where the worst and best 
scenarios studied differ in a +25% of the cost per kWp defined 
in the base case. These variations suppose a range in the LCOE 
term around 0.16 to 0.092 € kWh ! in the best scenario possible. 
Following the decrease in the PV system prices, is more probable 
to achieve the best scenarios prices in the short-mid-term. 

If all the predictions agree with the decreasing tendency of 
prices, it is more interesting to represent the variation of LCOE 
regarding the PV electricity yield variations. The estimations in the 
annual energy yield are dependent on many variables, starting 
with the efficiency of the PV modules used, the optimum design of 


= 25 ?6 Increase PVIN (base case) 


"Base case 
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the PV system, the differences among the solar radiation databases 
and the location of the systems. In the South of Spain there is a 
favorable sunny weather for the photovoltaic technology, but in 
similar University facilities from northerner locations, the avail- 
ability of these levels of radiation will be lower. In Fig. 13 it is 
shown a LCOE sensitivity analysis regarding the PV electricity yield 
variations, where it has been considered scenarios of +25% 
differing from the base case. 

Besides the LCOE, it is interesting the estimation of self- 
consumed electricity (€/year) and calculate the percentage of 
savings in the electric bill that the University may have if all the 
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Fig. 12. LCOE sensitivity analysis regarding the initial investment cost variations. 
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Fig. 13. LCOE sensitivity analysis regarding the PV electricity yield variations. 
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Table 9 
Cost analysis summary. 


Parameter Working 
school days 
Cost of the electricity Consumption (€€/year) 721,444 
Self-consumed electricity savings from the 
PV systems proposed (€/year) 106,743 
Savings in the electric bill (%) 14.80 


proposed PV systems were installed. A cost analysis summary is 
shown in Table 9, where it is observed a 16.79% of savings in the 
electric bill. 


3. Profitability analysis 


The savings in the electricity consumption or in the electric bill 
can mislead the regular electricity consumer, as one may think 
that these savings are translated into the feasibility of the system. 
Nevertheless, it has to be done an economic analysis that asses the 
profitability of the investment, regardless the electric bill may 
appear a reduction in the money to be paid to the company. 

In this paper it has been used the most common profitability 
indices: the Net Present Value (NPV), the Discounted Payback Time 
(DPBT) and the Internal Rate of Return (IRR). The calculation 
procedures are similar to those presented in several papers [53] 
but with a slightly improvement, because the present worth of the 
cash inflows from the system (PW[CIF(N)]) considers different 
items, such as a PV power loss factor, the electricity tariff periods 
(P1-P6) and it differentiates the self-consumed energy from the 
one injected to the grid. Therefore, the Net Present Value may be 
written, in general, as follows: 


NPV = PW[CIF(N)] — LCCysp (8) 


In those countries where there is a net or bill metering, part of 
the annual PV electricity generated (Epy,, in kWh) is used for self- 
consumption at a given price (ps, in € kWh !), which is set at the 
retail price of the market, while the remaining annual electricity 
generation (Epy; in kWh) is fed into the grid, which may be 
compensated at a different price than the retail price of the market 
(Dg, in € kWh !), so PW[CIF(N)] may be written as 


Ky, (1 - Kj) 
1- Ky; 


Kpg — Kp) 
1- Ky; 


PWICIF(N)] = psEpvs PgEpvg (9) 
In the previous equation, N (years) is the serviceable life of the 
system. Ky, and Kpg are two factors related to the increase rate of 
the electricity price and decrease rate of the power. They are 


expressed as follows: 


Kps =(1+ €ps)(1 Ep!) /( +d) (10) 


Kpg = (1 + €pg)(1 — Ep) /(1 +d) (11) 


In Eqs. (10) and (11), €ps and £5, stand for the annual increase rate 
of the electricity price that is saved and injected into the grid 
respectively, while €, is a factor for the annual decrease rate of the 
power of the grid-connected PV system. 

We are analyzing a specific location, The University of Jaén, 
where the electricity utility applies several tariffs according to 
hourly profiles as it was described in previous sections, so Eq. (9) 
must be rearranged to take into account these periods (p): 


E s Ky, (1 —Kpg) 
E Pei PVgi ERE ae 


(12) 


Ky, (1- K5) 
PWI[CIF(N)] = b DsiEpvsi eet 
ps 


Working Saturdays, Sundays Annual 
non-school days and public holidays 

53,102 120,896 895,442 
13,692 29,944 150,364 
25.78 24.77 16.79 


This analysis is focused in the Spanish territory, where the net- 
metering law is still in a draft stage, so the PV electricity injected 
to the grid it is not regulated in economic terms (neither in 
bureaucratic nor technical terms), in other words, the energy not 
used at the moment, is given, free of charge, to the electricity 
company, therefore the Eq. (12) is simplified as there is no 
remunerations or economic savings (in electricity bonus) from 
the user's standpoint. This simplification is shown in Eq. (13) 


Kp, —K},) 
PW[CIF(N)] = = PsiEpvsi Tok. (13) 
m m 
Nevertheless, according to the net-metering and  self- 


consumption draft that may be approved before this paper is 
published, we have included in the results section, a small profit- 
ability analysis where we have considered the worst scenario 
possible: the absence of any remuneration for the energy excess 
injected to the grid, and the addition of a back-up toll fee that the 
user has to pay to the company for the energy that it is self- 
consumed. 

The discounted payback time (DPBT) is the required number of 
years (N— PB) that satisfies the following: 


PWI[CIF(PB)] > LCCysp (14) 


For the calculation of the Internal Rate of Return (IRR), which 
stands for the value of d that makes NPV=O, it can be expressed 
using a rearrangement of Eqs. (5) and (8): 


0 = PW[CIF(N)] — LCCysp (15) 


It is important to clarify that if the parameters involved in the 
calculation of IRR in Eq. (15) have been considered in current 
currency, nominal IRR is obtained (IRRyominai). On the other hand, if 
these parameters have been considered in constant currency, 
without the inflation, the value that it is obtained is IRR; 
Besides, the net internal rate of return (IRR,) is derived from the 
IRR by the relation IRR=IRR,+ WACC. 


3.1. Estimation of parameters 


A summary of the parameters used in the previous equations is 
shown in Table 10. It has been included some of the data used in 
the energy and cost analysis with the aim to facilitate the 
comprehension of the table. 

Regarding the unitary prices per kWh of self-consumed PV 
electricity (psi), they have been defined according to the price 
contracted freely between the University and the supplier. As it 
was shown in Table 1, there are different prices (P1-P6) for each 
period defined in the Spanish law mentioned. 

It is difficult to foresee the behavior of the electricity markets. 
However, it seems that the rising trend of energy consumption, 
mainly due to the emerging economies, will make the world's 
energy demand increases. This fact, together with the increase of 
oil prices, will push up electricity rates [54]. In this paper &y; is set 
higher than the annual inflation rate (g) and the annual increase 
rate of the PV electricity unitary price (€,;) has been supposed to 
be 5%. The discount rate (d) is assumed equal to the WACC in order 
to calculate the NPV and DPBT. In our case the WACC is 5.6%. 
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$e Table 11 
Economic analysis summary. 


d 
0.8 


Location IRRnominat — IRRreat IRRnee NPV (€) DPBT 
(%) (%) (%) (years) 


2.8 


Building 1 8.82 5.86 3.16 77995 17 


S Parking lot 1 


S Parking lot 2 8.50 5.55 2.83 67637 17.5 
S Parking lot 3 


Building 2 8.82 5.86 3.16 70272 17 
N Parking lot 1 

in N Parking lot 2 61044 
N Parking lot 3 j ^ 
N Parking lot 4 59824 


Pergola 8.83 5.38 2.67 67058 18 
Building 3 8.82 5.86 3.16 57144 17 
N-W Parking lot 8.51 5.56 2.84 64792 17.5 


Own capital 
(20% of PViw) 
d, (%) 


N; (years) 
15 


Financial 
Low-interest loan 
(80% of PVin) 

i; (%) 


© 3.2. Profitability results and sensitivity analysis. 


The results obtained in the profitability analysis for each PV 
potential location are shown in Table 11, where there is gathered 
information about the main profitability indexes. 

The results obtained in this economic analysis recommend 
the implementation of PVGCS for several reasons. First of all, 
the internal rate of return ranges from 8.48% to 8.83%. Secondly, 
in the base case proposed, the net present value is always 
positive, and the discounted payback time ranges from 17.5 to 
18 years. 

Although the results obtained are favorable, it is necessary to 
undertake a sensitivity analysis with different scenarios depending 
me on the variations of those three profitability indexes. It is compli- 
cated to estimate the evolution of the financial parameters 
because the present economic situation is unpredictable, so the 
sensitivity analysis has been done based on the scenarios that 
appear when it is considered variations of +25% in the initial 
investment cost and in the PV electricity yield. 

The return of the investment in number of years will tend to 
improve because the initial investment cost is very unlikely to increase 
in a 25%. In this scenario, the DPBT can decrease down to 12 years, so 
the expectations are very favorable (see Fig. 14). If the analysis is done 
considering the energy yield that depends on the radiation data used, 
different Spanish location or meteorological cycles, there is a pro- 
nounced variation when the estimation of the energy yield decreases 
in a 25%. In this case (see Fig. 15), the DBPT is around line of 25 years, 
so the systems proposed may be not so feasibility. 

The variation in the NPV in the same range of sensitivity reveals 
that an increase in the initial investment cost reflects a worsening 
in the NPV, but like the previous index, the most critical aspect is 
the decrease in the energy collected. In this case, the NPV appears 
to be negative in almost every PV system proposed, except for 
those locations perfectly oriented and tilted, but anyway, the NPV 
in those PV systems is not suitable (Figs. 16 and 17). 

Lastly, the IRR variations in Figs. 18 and 19 show that in the 
range proposed for the initial investment cost, all the cases seem 
to be profitable, although when it is considered an increase of a 
25% in the cost per kWp (very improbable), the results are close to 
the profitability limit. Nevertheless, the IRR index, like the other 
ones, is very sensitive to variations in the energy generated. In 
these cases under the 25% decrease scenario the IRR is lower than 
the WACC, so it can be said that in these situations, the owner of 
the PV systems is losing money. 

According to the fluctuating electricity price market, and with 
the aim of increasing the utility of this work, we have done an 


EPVOM (%) 


2.8 


PVom 
(€/years) 
1% [PVin] 


Eps (%) 


0.16720087 
=0.13652223 
0.106787 
0.080577 
0.097498 
0.071927 


(including 21% of taxes) 


Psi € KWh-! 


P1 
P2 
P3 
P4 
P5 
P6 


Annual yield 
(kWh kWp-!) 


1418 
1239 
1418 
1237 
1291 
1418 
1240 


PV power 

(kWp) 
01 

110 

110 
110 

91 

100 
100 
100 

98 

110 

74 

105 


Factors 
[PVivhewp 
(€ kwp~') 
1900 
1700 
1700 
1700 
1900 
1700 
1700 
1700 
1700 
1800 
1900 
1700 


S. Parking lot 1 
S. Parking lot 2 
S. Parking lot 3 
N-W Parking lot 


Building 2 
N. Parking lot 4 


N. Parking lot 2 
N. Parking lot 3 
Pergola 


Parameters considered in the profitability analysis. 
Location 
Building 1 
N. Parking lot 1 
Building 3 


Table 10 
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Fig. 14. DPBT sensitivity analysis regarding the initial investment cost variations. 
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Fig. 15. DPBT sensitivity analysis regarding the PV electricity yield variations. 


additional sensitivity analysis, where it has planned a scenario 
where the electricity tariffs can vary up to a 30% increase or down 
to a 30% decrease. This issue can be useful not only in Spain, but 
also this analysis can be extrapolated to other countries with 
significantly differences in the tariff applied. 

Figs. 20-22 show that the higher the increment in the PV 
electricity unitary price, the better is the improvement in the 
DPBT, NPV and IRR indexes. The worst scenarios can be observed 
when the prices decrement down to 20% or 30%, where in most of 
the cases proposed, the systems are no longer profitable. 
Obviously, if the user receives less money for the energy saved 
or self-consumed, it will be harder to recover the investment done. 
Fortunately, the present trend in the Spanish Electrical tariffs is in 


ascending order. 


3.2.1. Other possible scenarios—additional taxes 

The constantly changes in the Spanish legislation makes that 
any study in this area may become obsolete or no valid enough if 
there are not considered additional taxes or fees that the Govern- 
ment may introduce for renewable energy systems. 

Under this context, another sensitive analysis was carried out 
considering an arbitrary tax that may be applicable to renewable 
energy or self-consumption systems for having the right to 
connect to the grid. Obviously, this taxation will have conse- 
quences in the indexes calculated previously. In this section a 
sensitivity analysis of the IRR, NPV and DPBT have been made 
considering a tax coefficient 6, which values vary in the range of 
0% up to 30%. This coefficient has been applied to the saved cash 
inflow from the PVGCS, once the asset amortization and the 
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Fig. 16. NPV sensitivity analysis regarding the initial investment cost variations. 
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Fig. 17. NPV sensitivity analysis regarding the PV electricity yield variations. 


operation and maintenance cost of the PVGCS are deducted. 
The asset amortization has been considered lineal over the life 
cycle of the PVGCS and it has been excluded from taxation. The 
results of the analysis in Building 1 are shown in Figs. 23-25, 
corresponding to the DPBT, NPV and IRR respectively. 

Another issue that should be targeted is related with a draft 
of a Royal Decree that the Spanish Government has recently 
published, which establishes the bureaucratic, technical and 
economic conditions that the power supply with self-con- 
sumption must accomplish. In this scenario, the Government 


has introduced a controversial extra fee per kWh self-consumed 
within the consumer's network. 

During a transitional period, the back-up toll fee that should be 
applied to the University, corresponding to the tariff 6.1, is shown 
in Table 12. Under this new scenario, all the economic analysis has 
been redone including this possible new back-up toll fee and 
considering the same consumption-generation profiles of the 
potential PV systems and the periods of the University electrical 
tariff. A summary of the results can be observed in the Table 13, 
where in all the cases the indexes worsen as it was expected. 
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Fig. 18. IRR sensitivity analysis regarding the initial investment cost variations. 
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Fig. 19. IRR sensitivity analysis regarding the PV electricity yield variations. 


4. Conclusions 


At the end of 2011 Spain had installed a cumulative PV power 
of more than 4,400 MW, which means that the present PV 
contribution to the electricity demand is around 3% [55]. It can 
be assessed that this technology is mature enough to compete 
against other sources of energy. Nevertheless, if this technology is 
expected to reach the power estimations of the Spanish Renewable 
Energy Plan, where more than 5,900 MW of accumulative power is 
planned to be installed by 2015 [56], it is necessary to find other 
economic alternatives, moreover when all the incentives or sub- 
sidies have been cut-off. 


The energy yield calculated, typical of sunny regions such as 
the South of Europe, and the lowering of PV system prices, give 
coherence to the results obtained in the cost and profitability 
analysis, where the data obtained proof that, under the scenarios 
studied and in most of the cases proposed in the sensitivity 
analysis, these sort of renewable energy systems are feasible and 
profitable, but it is also necessary a strong support from the 
Government. 

It is important to highlight, from the user's standpoint, that the 
aim of these systems is not only a business idea, but it is a way to 
be responsible of your own energy consumption too. It is like 
having the possibility to have your own farm, but in solar terms. 
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Fig. 20. DPBT sensitivity analysis regarding PV electricity unitary price (p,) variations. 
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Fig. 21. NPV sensitivity analysis regarding PV electricity unitary price (p,) variations. 


™30% Increase ps m20% Increase ps =10%Increaseps =0% (Base case) =10% Decrease ps =20%Decreaseps  30?6 Decrease ps 


" NS 
SS. qe me SS 


Fig. 22. IRR sensitivity analysis regarding PV electricity unitary price (ps) variations. 
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Fig. 23. DPBT sensitivity analysis on building 1 regarding a tax increment. 
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Fig. 24. NPV sensitivity analysis on building 1 regarding a tax increment. 
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Fig. 25. IRR sensitivity analysis on building 1 regarding a tax increment. 


The only thing that is missing is a stronger regulatory support 
from the government and a decrease in the reticence from the 
main electric companies, but the reality approved in the last laws 
in Spain is headed to the opposite direction. 

If the electrical market keeps on increasing the electrical tariffs and 
the Government adding extra fees for the Renewable energies, the 
profitability of the PV technology would decrease down to a critical 


Table 12 
Back-up Toll proposed for the tariff 6.1 in the Royal 
Decree draft. 


Price periods Back-up toll fee (€ kWh~') 


P1 0.044149 
P2 0.030248 
P3 0.019107 
P4 0.012878 
P5 0.011060 
P6 0.006676 


Table 13 
Economic analysis summary, including a back-up toll fee. 


Location IRRnominat IRR, eat IRRnet NPV (€) DPBT 
(%) (%) (%) (years) 

Building 1 6.84 3.93 1.18 27,653 21.5 

S Parking lot 1 

S Parking lot 2 6.56 3.66 0.89 20,164 22 

S Parking lot 3 

Building 2 6.85 3.94 1.18 24,850 21.5 

N Parking lot 1 

N Parking lot 2 17,968 

N Parking lot 3 6.55 3.64 0.88 22 

N Parking lot 4 17,608 

Pergola 6.40 3.51 0.74 17492 22.5 

Building 3 6.86 3.94 1.19 20,301 21.5 

N-W Parking lot 6.57 3.67 0.90 19,421 22 


Table 14 
Economic analysis summary for different price scenarios. 


Location Tariffs Tariffs Tariffs under the Royal 
January 2013 August 2013 Decree draft 
(with self-consumption 
back-up toll) 
IRR;ea; (%) IRRyeat (%) IRRrear (%) 
Building 1 8.92 5.86 3.93 
S Parking lot 1 
S Parking lot 2 8.58 5.55 3.66 
S Parking lot 3 
Building 2 8.92 5.86 3.94 


N Parking lot 1 
N Parking lot 2 


N Parking lot 3 8.56 5.53 3.64 
N Parking lot 4 

Pergola 8.40 5.38 3:51 
Building 3 8.92 5.86 3.94 
N-W Parking lot 8.59 5.56 3.67 


level, and maybe hardly to recover in the short-mid-term. As an 
example of this conclusion, Table 14 shows the decrease of the IRR in 
the last year in Spain related to the decrease in the electrical tariff from 
January 2013 to August 2013. This decrease in the profitability was 
explained in the sensitivity analysis carried out in Fig. 22 and it is also 
hard to control and predict. Where it is outstanding the decrease in 
the IRR is under the situation of the inclusion of a possible back-up toll 
fee, which can artificially turn a profitable system, with no feed-in 
tariff or subsidy, into a non-interesting solution for the Spanish Energy 
deficit. 

Nevertheless, nowadays in the Spanish news, the possibility of 
a new increase in the energy tariff is a trending topic [57], so for 
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the photovoltaic market this is good evidence that this technology 
may still be profitable in Spain. It would be also interesting to 
extent this study to similar cases in other European countries with 
different economic scenarios. 
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Appendix A. Terminology 


d nominal discount rate (75) 
di dividends rate (annual retribution rate for own 
capital) (%) 


DPBT discounted payback time (years) 

d, real discount rate (%) 

Epyg annual PV yield injected into the grid by the 
user (kWh) 

Epys annual PV yield self-consumed or saved by the 
user (kWh) 

g annual inflation rate (75) 

G(a.) effective irradiance within the PV generator 
surface (W m~?) 

Ham(0) monthly average value of horizontal daily 
global radiation (Wh m~?) 

Ha,(0) horizontal global radiation (Wh m?) 

ij annual loan interest 

IRR internal rate of return 

IRR; net internal rate of return 

LCCysp life-cycle cost of the PVGCS from the user's 
standpoint (€) 

LCOE levelised cost of electricity (€ kWh- !) 

N useful life of the PVGCS (years) 

Ni time duration of the loan (years) 

NOCT nominal operation cell temperature (°C) 

NPV net present value (€) 

p tariff periods 

Pg PV-electricity unitary price into to the grid paid 
by the user (€ kWh7!) 

Py maximum power (W) 

Pwusrc maximum power at standard test conditions 
(W) 

Ds PV-electricity unitary price self-consumed or 
saved by the user (€ kWh7') 

PVaom annual operation and maintenance cost of the 
PVGCS (€) 

PVin initial investment cost on the PVGCS (€) 

PVis initial investment subsidy (€) 

PVoc own capital (is the portion of the initial 


investment financed with own capital) (€) 
present worth of the cash inflows from a PVGCS 
through its useful life (€) 


PW [CIF(N)] 


PW[PVom] present worth of the PVGCS operation and 
maintenance cost (€) 

PW[PVin] present worth of the user's initial investment 
cost on the PVGCS (€) 

TaMdm monthly average value of the maximum daily 


ambient temperature (°C) 


Tamim monthly average value of the minimum daily 
ambient temperature (°C) 

Tamar maximum ambient temperature of the 
representative day (°C) 

Tamad minimum ambient temperature of the 
representative day (°C) 

Te cell temperature 

WACC weighted average cost of capital (%) 

y power temperature coefficient (°C7!) 

£pg annual increase rate of the electricity price 
injected to the grid paid by the user (%) 

£pi annual decrease rate of the power of the PVGCS 
(26). 

£ps annual increase rate of the electricity price self- 
consumed or saved by the user (25) 

EPVOM annual escalation rate of the operation and 
maintenance cost of the PVGCS (%) 
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